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PREFACE 


The literature research and exoerimental work were accomplished 
during a ten week association with the Electrical Division of the 
Douglas Aircraft Company, Inc., El Sezundo, California. The experimen- 
tal work was completed in the antenna laboratory with excellent assist- 
ance from the company personnel. It is hoped that this work will prove 
to be of value to the Douglas Aircraft Company in their effort to make 
accurate predictions of the communication range. The writer wishes to 
express his appreciation to Messrs. V. Le Tucker, M. R. Willis, Ernest 
Witten, and George Lines who were very generous in sharing their ideas 


and knowledge. 
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SUMMARY 


‘This paper is conoerned with the efficiency of aircrsft antennas. 
It is caaposed of two natural parts. The first part is a report of the 
results of an exhaustive search of the literature for possible methods 
end teomiques to evaluate the antenna efficienoy with the aid of scaled 
models. The second part is a report of the procedure, data, results, 
and the conclusions of the selected method of evaluation. The results 
obtained have not been checked by any other method and may need many in- 
flight tests for proper evaluation. Refinement of techniques and 
circuitry undoubtedly will improve the accuracy and reliability of the 


presented method. 
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CHAPTER 1 


INTRODUCTION 


The aircraft industry has the problem of predicting the range of 
&ir-borne com-unic&tion equipment prior to delivery of the completed 
aircraft. This information is needed in tho design stage in order that 
good location of camponents may be made. Excellent transmitting and 
receiving components are available from many industriel sources. High 
speed aircraft require clean airfoils to reduce drag losses. External 
antennas can not be tolerated. This has caused aircraft antennas to be 
flush mounted, or even mounted below the ground plane. The flush 
mounted antenna lies in the ground plané with an ref. window oi some 
suitable material for a cover, the entire installation being formed to 
fit the aerodynamic requirements. These techniques have caused many 
problems. Recent flight tests have shown that the predicted renge often 
is in error by a ratio of two to one and in seme oases as high as four 
to one.* It must be realized that the airoraft structure, and the loca- 
tion of a partioular antenna on a specific aircraft, can cause an un- 
satisfactory radiation pattern. Since the aircraft contour and tho 
antenna location are decided by the aircraft manufacturer, he has firal 
control of the directional characteristics of radiation. 

To gain needed information prior to manufacture, use has been made 
of the model range. In the strictest sense both the model and the 


*Development Reports, Douglas Aircraft Co., Inc., Santa Monica Division 
Nos. 1092 and 1093. 
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electromagnetic field need to be properly scaled. The model range, as a 
tool, has been pioneered by such organizations es the Airborne Instru- 
ments Laboratory, kineola, Ne Ye, the Antenna Laboratcry of Chio State 
University, and the Naval Air Test Center, Patuxent liver, Md. There 
is evidence of close correlation betwsen flight and model measurements,* 
Possible causes of the reduction in predioted range oould be the 
relative polarization between the transmitting and receiving antennas, 
the relative polarization between the propagated wave and the receiving 
antenna, the neglect of the surface coefficient of reflection, or the 
antenna efficiency. Fram the model range the directivity and relative 
radiation patterns oan be obtained. (me important piece of infcrmation 
is missing. How much power is being radiated for a specific owt of 
input power? This paper, limited in scope, is concerned with the eval- 
uation of Methods to determine tho anturma efficiatcy by озі models 


and then to adapt the selected method to the model range. 


“Project TED No PTR EL 577 ET315-047 16 June 1952 ELECTACHICS TEST 
DIVISION USHATC PAX RIV MD. Š 
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CHAPTER 11 


METHODS OF SOLUTION 


The problem under consideration is to evaluate the methods of deter- 
mining the antenna efficiency with the use of scaled models. Fram the 
methods investigated one has been selected and efficiency measurements 
made. The degree of accuracy with which the soaled model reproduces the 
actual conditions is very important and should not be neglected.  How- 
ever modeling per se is not the immediate problem, therefore it is 
assumed that modeling reproduction requirements are fulfilled. 

Four methods of solution are presented below. Me of these has 
better chance of sucoess than the others. This one, th* comparison 
method, is prusented more completely than the other three. These three 
are given in brief form along with foreseen advantages and disadvantages. 

1. Direct Measurement with a Known Radiation Pattern, 

By measuring the average output power in the radiated field and 
the input power at the input. terminals the efficiency of the model anten- 
na oan be found, Ihe average output power can be measured with tho aid 
of the model range. аһ complete set of conical patterns of the model as 
a receiver are taken.* The entire spherical distribution of radiation 
is recorded. By a summation of the integrated values** the three dimen- 


*For a more detailed description of the techniques used with the model 
rango see the Appendix A, J. D. Kraus (13), or S. Silver (21). 


*"»This procedure is presented in greater detail by P. S. Carter (1) and 
M. We Scheldorf (16). 


nins E ves 

e II - مسوم سي‎ 

ΕΕ = ome a a ده ووو‎ 
Paren κλπ 
V = . ΠΠ... πο mar ei am 





sional rediation pattern can be reduced to a sphere which contains the 
seme volume. If the radiation patterr.s are recorded in power then this 
sphere oan represent the average power radiated in all directicns, an 
isotropic source. There is 4 direct relationship between the sphere 
and each part of the radiation pattern. 

Assume that the three dimensional radiation pattern for trans- 
mitting and reoeiving are tho same. If the field intensity is reasured 
at & known position of the radiation pattern then the value of the equiv- 
alent sphere oan be found. This can be changed into the average power 
by utilizing the following relationship. When one watt of power is 
radiated uniformly in all directions the field intensity at one mile 


will be 364033 millivolts per meter.* 





Figure 1. 


Relation of the Radiation Pattern to the Equivalent Sphore 
As an example let Figure 1 be the receiving and transmitting 


pattern. For oonvenience the point of the maximum radiation is set to 


ΑΡ. S. Carter (1) 
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the polar plot value of 10 units. Then, upon integration, let the 


spherical radius be 5 units. 





Field intensify 
measuring eq ui pm ent 


Model ab trons fer 
Figure 2. 
Direct Measurement of Field Intensity 

Let Figure 2 show a measurement at the maximum point of the lobe in 
Figure l. Let the reading at this point be 22.608 millivolts/meter/ 
mile, that is the field intensity if at a distance of one mile fram the 
transmitter. This value, reduced to the equivalent sphere, would be 
6.6066 mv/m/mile, (22.686 x ἐπ). This value ís the intensity for an 
isotropic source of two (2) watts. The ratio of this value to the 
measured input power is the antenna efficiency. 

The advantages of this method are: it can be adapted to the 
model range and the procedure to obtain measurements is not difficult. 
The disadvantages are: the matching of the antennas, the reproduction 


of identical transmitting and receiving patterns, and the non-avail- 


ability of field intensity measuring equipment at the scaled frequencies. 





Scaled frequencies vary fram about 1000 to 10000 mos. 


2. The Calorimetric Method, 





Figure 3. 


Calorimetric Method 
If the model were placed ir.side a large sphere, the interior constructed 
of absorbent and non-reflecting material, the rise in temperature due to 
the radiated power could be measured. The input powor could be meas- 
ured outside of the sphere. The efficienoy would be the ratio of the 
power absorbed in the sphere to the power supplied to the model. This 
proposed method, although containing many practical difficulties, has 
the unique advantage of being frequenoy insensitive. The disadvantagos 
are: procurement of the absorbent material, heat measurements, and feed 
line problems inside the sphere. 
ود‎ The Reflection Method. 
Ihe reflection method, or reradiation method, permits the radi- 


ation resistance of a model antenna, rolative to a comparison antenna, 





to be determined.* If the radiation resistance of the comparison antenna 
is known then the radiation resistanoe of the model can be found. The 
antenna resistance, the sum of the radiation resistance and the loss 
resistance, can be obtained from suitable measurements, such as the 


slotted line technique. The antenna efficiency is the ratio of the 


Rr 
Ret Ro 





radiation resistance to the antenna resistance, i.e, Y, ` 





Test position 





Figure 4. 

Reflection Method 
W) = the power that antenna 1 reradiated, the model antenna. 
Wo =the power that antenna 2 reradiated, the comparison antenna. 
Et = the field of the tranmitting horn at the test position. 
le, = the effective length of the model antenna. 
lez = the effective length of the comparison antenna. 
y =the physioal length of antenna 1, the model antenna. 
Lo =the physical length of antenna 2, the comparison antenna. 


Rr) =the radiation resistance of antenna 1, 


*E. Istvanffy (9) and J. D. Kraus (13) pp 459-461. 
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Rr; =the radiation resistance of antenna 2. 

k =a constant volving tHe distance betwoen the antonnés. 

N =the antenna efticiancy. 

Ко =the loss resistance of the mouel. 

V =the detected voltage from the energy reradiated by an 
entenna at the test position. 

Κα — Rpt Ro = antenna resistanoe, 

This development assumes the following conditions: (1) the 
antennas aro one h&lf wave length and rescnant, (2) the radiation patterns 
of the model anu the comparison antennas are similar, «ad (3) that the 
ratio of the effective length and the physical length are equal for the 


two antennas. The following development is given. 
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With the radiation resistance known th€ el"iciency of the Sodol is 


N= pte 
Т Кгу4- Ко Ка] 
In Figure 4 the *odel and the camparison antennas are plaoed at the test 
position at different times. The radiation resistance and antenna offi- 
oiency oan be obtained as shown above, 

There are several disadvantages, which are: (1) the physical 


limitations require that the antennas bo one half wave length and reso- 


nant; (2) a high possibility of reflections from the ground and near by 
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objects which will disturb the eleotramagnetic field; and (3) the re- 
quirement that the radiation patterns be similar. in "— À of this 
method is that measurements may be made of a parasitic antenna. 

4. The Comparison Method. 

This method has been selected as more practical than the other 
methods. The power measurements are of relative powers thereby avoid- 
ing the difficulty of measuring absolute pomer. This method can be 
adapted readily to the model range. Efficiency measurements are based 
on this methods 

a. Definition of ossential terms. * 

(1) The directivity is the ratio of the power per 
unit solid angle radiated in a chosem direction to the average power 
radiated in all directions, D € P/ Pav, where D is the directivity, 

P 1s the power intensity in & ohosén direction, and Pav is the average 
power. 

(2) The effeotive aperture is the r&tio of tho power 
Win the terminating impedance to the power density of the incident 
wave, А, = π/ Po, where Ag is the effective aperture, Wis the power 
in the terminating impedance, and Po is the fower density of the iscl- 
dent wave. 

(3) The effectiveness ratio is the ratio of the 
*The definitions and the equations on this page are from J. D. Kraus 
(13) with the exception of the directivity which is from P. S, Carter 


(1). Other referenoes are S. A. Schelkunoff and H, Friis (19), H. Friis 
(8) апа К. S. Wenner (24). 
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effective aperture to the maximum effective aperture. o =A, / ems 
where Q is tho effectiveness ratio, end Ag, is the maximum effective 
aperture, 

(4) Gain (Go) is the ratio of the maximum radiation 
intensity from subject antenna to the radiation intensity from an 
isotropio souroe with same power input, 

b. Summary of relationships. 

The following equations will be used to derive an ex- 
pression of the efficiency. 

(1) р = Р/Р, 

2) (G, «D 

G) О = ۴ 

(4) Ae= W/P, 

(5) ας Ае/ Ает 

Ihe effectiveness ratio Gay assume values betwoen zero and l 
(06441). This ratio m&y be oonsidered as being composed of two factors, 
Y the efficiency factor, and ¥ the mismatch "actor so that al =NY . 
A perfectly matohed, 100 per oent efficient antenna has an effectiveness 
ratio of unity, When matched for taximum power transfer (¥=l ) the 
effectiveness ratio equals the el'ficienoy factor, M=Y\. Under this con- 

ition the efficiency is the ratio of the effective aperture to the max- 

imum effective aperture, (A = А„/ Άρπο The difference of the aperture 
values is due to the loss resistanoe. The seme relationship of apertures 
oan be obtained from Schelkunoff and Friis*. They give the following 


*Schelkunoff and Friis (19) pp 160-162. 
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relations. The efficiency is the ratio of the radiation resistance to 
the antenna resistance, N =Rr/(Rr + Ro)e The effective aperture of a 
dissipative short dipole is λος ολ Rr , And that of a non- 

T. Rr + 
dissipative short dipole is Aen -- А The effectivo aperture for the 
non-dissipative dipole is the 2 effective aperture. If the effi- 
oency of the receiving antenna is defined as the ratio of the power 
actually delivered to the load to that which could be delivered in the 
absonce of heat loss, then the efficiency of the short dipole used as 


a receiver is the same as its' officienoy when used as & transmitter and 
Re IN 


E 
Aem 







- 
E 
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The absolute gain, Go, is equal to the directivity, D, when 
the antenna is perfectly matched and tho efficienoy is 100 per cent. 
Got AD, where ol is equal to unity. This is the assumed condition for 
the comparison horn when the impedanoe is matched. 

The directivity is determined by the shape of the field pattern 
by graphioal integration and is independent of the antenna loss or mis- 
match. A complete set of conical patterns taken on the model rango will 
permit the directivity to be obtained. With the directivity knom the 
maximum effective aperture can be calculated from the relationship, 
ра 4Tr Am /N ° 

Ce Derivation of the efficiency expression. 
Let Figure 5 represent the model (or comparison) antenna 


being illuminated by the transmitter. For convenience let the subsori pt 
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l indicate the model and the subsoript 2 indicate the comparison antenna. 


Transmitter Test position 
(antenna lor 2) 


Figure 5. 
Comparison Method 

Assume that: 

(1) at the test position the electromagnetio field is 
linearly polarized, of constant strength, of uniform intensity, and of 
constant phase across the aperture of the receiving antennas. 

(2) the necessary matohing can be acoomplished for 
each antenna. 

(3) the efficiency of the comparison antenna is 100 
por cent. 

Ihe received power W is measured for antenna l and then 
for antenna 2. The antennas are not under illumination at tho samo 
time. The power recoived by antenna 1 is 

Wy) = PoAl 


where Aj = the effective aperture of antenna 1. 
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W = the power in the termination of antenna 1. 
P, =the power density of the incident wave. 
When antenna 2 replaces antenna l the power received by antenna 2 is 
m = Pode 
where Ao = the effeotive aperture of antenna 2. 
W, = the power in the termination of antenna 2, 
By dividing the received power of antenna 1 by that of antenna 2, when 
the power density Py is maintained constant 
W, = Po Al n Al 
W = Po Te = ke 
The mismatch factor for both antennas, &nd the efficienoy factor for the 
oomparison antenna, are equal to unity. Therefore Ao = Ao, and AIEN Alm 
where Alp, and Ag, are the maximum effective apertures of antennas 1 and 2. 
Thus, 
πι na 
m Kon 
Vi 
New tie 
The value A2, can be calculated or taken from the curves 
given in the text of Schelkunoff and Friis.* This value could be obtained 
in the same manner as it was obtained for the model. The aporture values 
must consider the vertical and horizontal polarizations. Therefore it is 
necessary when the relative power measurements are mado that the rolar- 
izations be considered. Thus W) = 8], 4- má and m = 1 ¿+ VW e. The 
power density of the incident wave Py, must remain constant for the period 


*Scholkumoff and Friis (19) pp. 523 - 529 
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of the measurement. There are at least three ways that this may be 
accomplished. A monitor antenna may be placed in the field to observe 
the power intensity. А feedback loop in the bolometer amplifier may be 
used to keep the amplifier gain inversely proportional to the power in- 
tensity at the transmitter. Or the power intensity in the transmitter 
cirouit may be monitored by using a directional coupler, a tuned detector 
and an amplifier. With a variable attouuator between the genorator and 
the directional coupler the transmitted power way be mae the same for 
each measurement. 

The advantages of this metijod are: (1) no absolute power measure- 
ment is required and (2) it can le adafted to the techniques used on the 
model range. 

The disadvantages are: (1) model range requirmsents Sust be 
observed and (2) conjugate matches at the antenna terminals must be 
made for each relative power measurement taken. The latter disadvantage 


is the most difficult part of this method. 
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CHAPTER III 


SPECIAL RE TREAENTS 


l. Model range. The model range cannot reproduce the exact con- 
ditions found in normal Opera مه‎ therefore "direct path" propagation 
is simulated. Reflections due to the ground and nearby objects between 
the transmitter anc the receiwer can prevent this "direct vath" trans- 
mission. The illuminating ant#na used for these experimmmts was a 
pryemidical horn with a beam wicth of about 15 degrees. Previous tests 
showed the field strength to var; less than 5 per cent over the reoeiv- 
ing aperture. J. U. Kraus (13) and S. Silver (20) give the following 
model range requirement s: | 

a。 R, tho distance between the receiving and transsi tting 
antencas should be determined by: 
(1) the uniform field requirement that Rz 2dr /A ó 
where dr is the physical aperture of the receiving antenna, 
(2) the uniform phase requirements that А? 2dedr/A, 
where dg is the physical aperture of the traneaitting antenna. 
(3) the aveil&ble radio frequency power. 
(4) the reéoeiver sensitivity. 
b. The height (h) of tke receiving Antenne above ground 
should exceed ue Ze. 
Ce A matched det#otor system should bə used. 
de A square law detector should be used. 


θ. The directivity of the test antenna should not be too 


broad, 
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f. The gain of the comparison antenna should be within 10 
db of the unknown antenna, 
2. Bolometer detector and tuner, 

The PYD tuner was used to match the bolmeter resistance to the 
antenna impedance. For tle comparison antenna the tumer was matched to 
the coaxial transition. Fer the model antenna the timer was slaced as 
near as possible to the input terminals of the model. Photographs A and 
C show the tuner mounted for the Fodel and the comparison Norn. Figures 
وا‎ 5, 94, 9b, 10, 11 and 12 show a sectional view of the tuner and tho 
equivalent oircuits when connected to the Sotal and to tke wavogvide. 
Figures 7 and b show the sectional view and the equivalen: circuit of 
the tuner, includirg the tuning stubs. Figures Ja «o4 9b show the r.T. 
and the detected signal circuits, Figure 10 is the equiv&lent circuit 
of the waveguide to coaxial transition to PRD tuner; the comparison 
cirouit. Figures ll and 12 show the equivalent circuit for the ۹41 
antenna. Figure 12 represents the circuit for the tuner embedded in 
the model airplane. ke bolameteür resistance had an ohmio resistance 
of &bout 200 ohms and was calibrated for square law detection when tho 
power level was one nilliwatt or less. 

It will be shown that the double stub tuner, including the 


bolometer resistance, can perform the necessary matching. 


16 





kz 
R, 


X3 





Figure 68. Figure 6b. 
Equivalent Cirouits of the M.D Tuner 
The PAD tuner can be represented bv either of theequivalent eircuite in 
Fipures 6a and 6b, depending upen She electrical length of the tuning 
stubs. At the frequencies of operation Xj, the r.f. bypass capacitance, 
may be oonsidered a short circuit. Therefore 
1 
T R X = Re Xa + j Re Xa 
| Ry + jx R, t X: ٨٢ 


By adding Xs in series the reactance term can be canoelled. Then 


Ro Xi sh 2 : Re Xe 
Ёа = Ru. = Ri, = where -)Аз= -a Ri Xè 
For small values of Xo; Xo «« Rb 
سه‎ S 
¡Uy 一 Rb 


For large values of Xo; Xo >> ҚК 


Rw. = Ro 
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3 
| LA 
The derivative of Rino with respeot to Xo is M. 
( Ro TX 
Wren XD = O the derivative = O, therefore the lue of Rino varies fron 


zero to a value asymptotic to Rp, O 3 К;п = Къ. However the value o? 
Xo limits the value of Rim» In most cases Ring should be near 50 ohms. 
The tuner willprovide a match as long as Ky > Rino, with limitations 
fixed by the ran-e of Xo and X3. 
3. Matching the receiver to ‘he terminating ice dance, 
a. General oonsiderations: 


The expression for efficiency d$rived O д πι om, 18 
Б Alm 


composed of two measured values (Vj and '), one derived velue (Ajgm), 
&nd one computed value (Aog). Adm and Ajp are determined from sources 
independent of the efficiency measurin, experiment and therefore are not 
considered as a part of the matching problem. The effective aperture de- 
creases for an increase in mismatch, or for an increase in loss resist- 
ance. From the definition of the effective aperture (W=SP,A) it oan be 
seon that the power received in the terminating ig@pedance is proportion- 
al to the effective aperture. The power density of the incident wave 
is the same for the model anc comparison antennas, and does not enter 
the problem. Therefore any chafige in the effective apertures due to 
mismatch will effect the values W) and Wo, These will change the value 
of T, » and instead of giving the true value of the efficiency they will 
give a value mich will include the losses due to mismatch as well As 
the heating losses in the antenna structure. Therefore it is desirable 


to eliminato mismatch as much as possible, 
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Cccasionally the physioal size of the antenna and the terminat- 
ing impedance are such that they can not be located conveniently. Such 
is the case here, where a small size cable, WG 58/0, 14 used to connect 
the antenna to the bolometor resistance. If the cable were lossless 
the matching problem would be simplified. ‘the maximum power transfer 
would ocour when the line impedance was matched to the generator impe- 
dance. For a maximum power trunsfer the impedance looking to “he right 
from an arbitrary point must be tho complex conjugate of the impedance 
looking to the left from the same point; the reaotances tqual and opposite 
and the resistances equal. For the lossless transmission line a conjugate 
match at one point will insure a conjugate match at all other points. 
Therefore for a maximum power transfer into the terminating impedance all 
that is necessary is that the impedance at the input terminals of the 
connecting line be equal to the complex conjugate of the anterna impedence, 
or that the terminating impedanoe be equal to the conjugate impedance of 
the connectir line at tho termination. However, with losses existing 
in the line, it does not follow that a conjugate match at one point will 
insure a match at all other points. The general approach will oo*sider 
the networks lossless, and then will account for the losses. 

b. For the horn antenna. 
The comparison horn receiver should convey the received 

power to the bolometor resistance. The actual receiver is shown in 
Photograph A. Losses can lower the received power in the bolometer. 


Sources of power loss are the ohmic losses of the waveguide walls, of the 
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wavoguide to coaxial transition, and of the PAD tuner, If the losses 
are sufficiently small they may be neglected. “he matching of the bolo- 
meter resistance to the coaxial line was acoom lished by a double stub 
PRD tuner. Matching the coaxial line to the waveguide was accomplished 
by a variable short and a probe of a preset length. These four variables 
were considered sufficient to match the comparison antenna. 
Co For the model antenna. 

The receiving circuit of the model is shown in Figures 
ll and 12, The aircraft model and the tuner connected to the antenna 
are shown in Photographs B and C. In Figure ll cable losses would need 
to be caloulated to correct for the received power at the input or out- 
put terminals of the antenna. However with the tuner placed at the in- 
put terminals of the antenna the line losses would not occur and the 
double stub tyumers could provide th® correct matching. ¡his was done to 
the extent that the tuner was embedded in the aircraft model (see Photo- 
graph C and Figure 12). A vory small section of the cable remained be- 
tween the antenna cavities and the connection to the PRD tuner. At 9000 
mcs. the imput terminals to such an antenna, two parallel cavities with 
a balun connection into a coaxial line, were not easily specified. Ar- 
bitrarily the input terminals were defined to 19 the junction of the 
antenna lead and the tuner. Negardless of the possible error of this 
approximation, the following assimptions were mado: 

(1) the PRD tuner was a reactive circuit with losses 


negligib le, 
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(2) the lossos in the small section of oable were con- 
sidered as part of the antenna losses. 

(3) the bolometer resistance was matched to the model 
when the detected signal was a maximum in the bolometer amplifier. 

4. Correction for transmission losses. 
Where the losses oan not be considered negligible it beoomes 

necessary to correct for them. When the input power is attenuated and 
voltage standing waves exist the following equation* may be used to find 


the input power providing the output power is known. 
t 
οι. 


where Tm = the ratio of the power received to the power transmitted 
when there are no standing waves, 
[ = the reflection coefficient. 
Pig Z the transmitted (input) power. 


Pout = the received (output) power. 


*Principles of Radar, (17) pp 6-47 to 6-49. 
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CHAPTER IV 


EXPER IMENTS 


le Preliminary experimonts. 

All experiments other than those taken to cetermine the antenna 
efficiency are placed together as preliminary data. ‘lhe power transfer 
and the degree of matching had to be checked prior to taking the final 
measurements. The preliminary experiments are divided into those per- 
taining to waveguides and those to ooaxial lines. ‘he data taken appears 
in the appendix. The results and conclusions are given here. 

a. MWaveguide experiments, 

(1) It became necessary to obtain some idea of the 
relative power transfer in the waveguide and in the coaxial fitting of 
the PRD tuner. This brought forth the prcblem of probe transition 
within the waveguide, as well as the overall tr^uüsfer of energy. Sever- 
al experiments were made using different frequencies. The general setup 
was to trenemit square-wave modulated signals through the waveguide to 
the detectar. Photograph A shows the cumparison horn with detector 
section. In these experiments the horn was disconnected and the de- 
tector seotion was excited through the waveguide directly. The relative 
power level and the VSWR were obsorved for the following variables: 
probe tip length, probe diameter, length of short in the waveguide, 
and the length of the shunt and series short oirouit stubs of the PRD 
tuner (see Figures 7, 8, 10 and 13). The results of these experiments 


Wero: 
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(a) The probe tip diameter should be the samo 
size as the center conductcr of the probe transition. The probe length 
should be about one sixth o? the wave length in the guide, or it should 
projeot into the waveguide about 75 per cent of the waveguide depth. 
Although these results were obtained experimentally, they oan be obtain- 
ed from the literature.* 

(b) The probe length, the short length, and the 
series and shunt stub length of the PRD tuer were sufficient variables 
and provided appropriate matching. Figure 14 shows the VSM and the 
relative power to the detector versus the short length (in turns and in 
wave lengths). 

(2) The impedance measuring experiments were incon- 
clusive. The experiments were performed within the Fresnel région and 
inside a closed area. Reflections and coupling were too great to give 
satisfactory results. 

be Coaxial line experiments. 

(1) The r.f. energy was fed directly to a slotted line 
end then into various terminations. Whon the PRD tuner was connected 
to the cable the VSWR varied from 5 to l to 1.5 to l. Near the frequen- 
oy of expected operation, 9000 mcs., the VSWR was about 1.3 or 1.5 to 1, 
when tuned for maximum power indication on the audio amplifier. Figures 


15, 16 and 17 show the relationship of the VSWR and the relative power 


*Principles of Radar (17) Ch 10 Art 13, WW Mumford (14), G. L. Ragan 
(15) Sections 6.3-6.4 and J. C. Slater (22). 
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as the frequency was changed. 

(2) Experiments were made simulating model range con- 
ditions while inside an enclosed area. Probability for error was vory 
high due to refleotirg objects, strong coupling between antennas, and 
the antenna separation being within the near (Fresnel) zone. There was 
no correlation of the data taken. Απ additional experiment was mede on 
the model range. The model aircraft, with a slotted line in the receiv 
ing oircuit, was illuminated in accordance with model range requirements. 
The low r. f. power level and the relatively large amount of power ab- 
sorbed by the slotted line made it advisable to locate the tuning sect- 
ion as closely a possible to the antenna terminals. Estimated VSR 
under this condition should t# no Sore than that observed atove, about 
1.2 to 1.5 to 1. Transmission losses due to this value of VSM were 
negligible. The matching conditions were considered satisfactory when 
the detected power indicaticr was в архі жап. 

2. Efficiency experiments. 
a. Patterns of the model antenna to obtain the directivity. 

Prior to the actual efficiency experiments a set of con- 
ical patterns was taken of the model antonna, These patterns are includ- 
ed as Figures 1£ through 35. Figures 36 through 36 show the coordinate 
system, the transmitter and receiver orientation, ané the conical patt- 
erns varied over the sphere cof radiation. Procedure for taking model 
range data is included in the appendix. The only variation from the 


normal procedure was a change in the recording scale due to the low 
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І 
ELECTROMAGNETIC Horn 
USED AS RECEIVER € COMPARISON ANTENNA 


DIMENSIONS (innev) 


Q'* .Qinch = 2.286 om h= 15.75 inch 

b = 4inch= 10/6 em O=- 8%” (Flare angle) 

а - 5.8 inchz 14.72, cm Re: 17. 手 / inch z 44.2 όσοι 

D = 0.3 inch: 15.45 cm Rin=/9.05 inch = 48.4 em 
Για. 41. 


2] 





power output of the klystron. Due to the radiation pattern of the model 
antenna it was not necessary to cover the entire spherical surface. The 
conioal cuts were taken over the lower hemisphere fran -65 to -90 degrees 
in 5 degree steps. Integrated values were taken over the spherioal sur- 
face where the radiation pattern existed. The integrated values, pro- 
portional to power, are included in Table 1. These intograted values 
were plotted versus the cosine of the latitude, and then reduced to an 
equivalent sphere, (see Figure 39). Fram these plots the directivity 
and the maximum effeotive area wore obtained. 

b. Model range conformity. 

The model rangs ard matching requirements were observ- 
ed as closely as possible. All of the model range requirsments were 
properly satisfied, with Ihe exception that it was necessary to be in 
the illuminating field whën the featurementé were taken. This was due 
to the fact that each receiving setup had to be tuned Гог а maximum 
power indication. In all cases the receiving setups were tuned for a 
maximum power with an oporator located behind the antenna. This was an 
effort to disturb the field as little as possible. The effeot of a 
person being in the field during this adjustment was observed for the 
model antenna, but was not noticeable for the comparison antenna. This 
condition was unavoidable and foreseen. The model antenna used was 
chosen for its' high directivity in an effort to reduce these undesir- 
able mutual coupling effects. 


©. Equipment used. 
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The equipment used for the transmitter, model antenna, 
and comparison antenna are shown on a schematic diagram in Figure 40. 
Ihe model antennia was located underneath the model aircraft at the for- 
ward part of the left engine nacelle, as shown in Photograph B. There 
were four different moasurements taken with the first one being incom- 
plete. The three completed measurements differ semewhat. ihe differ- 
ence between measurements two and three was that a slotted line was in- 
serted in the reoeiving circuit of the comparison antenna. heasureméents 
two and four differ in polarization, aircraft model orientation, distance 
between transmitter and receiver, and output power of transmitter. 

The power density was maintained constant by maintain- 
ing the power at the throat of the transmitting horn constant. This 
was accomplished by using a directional coupler (20 db attenuation) 
located near the throat of thè transmitting horn, a tuned detector 
(PRD 61?-A, No. 196), and an audio amplifier. These are show, in 
block form, in Figure 4% 

The gain of the comparison antenna (Figure 41 and 
Photograph A) was obtained by using Schelkunoff's (19) curves and 
equations. The two values are nearly equal, 

d. Data and calculations. 

(1) Calculations of model range distances. 

The dimensions of the transmitting and receiving 
apertures are: 


Transmitting horn = 7.5% x 6.2" = 19.06 x 20.62 сшё 
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Receiving horn = 5.3" x 5.0" = 13.47 x 14.7 om? 
Reoeiving model = 65 x 75 out 
The lobe structure of the model was such that the major 
portion of the rudiation was in the lower hemisphere. Range experience 
indicated that certain portions of the aircraft structure could be omitt- 
ed since they would not contribute anything to the radiation pattern. 
This was a valid assumption in this case due to the shape of the radiat- 
ing pattern and the location of the model antenna on the model aircraft. 
Sixty per cent of the wing span and the fuselage length were considered 
to be the physioal aperture. Therefore the receiving aperture was 40 x 
45 cm? , 
The frequenoy o? the experiment was limited between 
9000 mes. and 9200 mcs. The receiving horn had a lower limit of 9000 
mos. and the PRD tuner an upper limit of 10,000 mos. The APN-1, 1/20th 
soaled antenna, had a frequency range of 0400 to 9200 mes. The full 
scaled antenna had a frequency range fram 420 to 460 mos. The scheduled 
frequency was 9000 mos. and the actual frequency usedwas 9030 mos. At 
9000 mos 
入 = ов dr = 45 em d¿= 20.8 cm dp, = 14.7 cm 
For uniform field К. 2dr , Rnodel = 40 ft and Rhorn = 4.2 ft. 
For constant phase R_. 2dtdr, Rmodel = 18.5 ft and Rporn = 6 ft. 
For minimum height h dy, /dt, hmodel = 3-2 ft and hhorn = 4.1 inches. 
The minimum height was 3.2 feet and the minimum range was 40 feet. The 


aotual separation between the transmitter and the receivers was 40 foot 
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or more, and the height of the receiver was about 1? feet above the ground 
plane. These values were satisfactory for the frequency equal to 9030 mos. 
(2) Computations for the directivity and the effective 


aperture of the model antenna. 


INTEGRATED VALUES OF MODEL PATTERNS 


Elevation angle Value Value Elevation angle Value Value 

Latitude 0 EG E Latitude 6 ΕΘ E 
t609 2 -- -259 19 3 
4509 2 -- -309 16 6 

+ 40° 1 -- -35° 11 5 
+30° 5 -- - 40? 19 21 
„25° 2 -- -459 21 19 

+2 o° 7 -= -50° 36 35 
+15 3 -- -55° 3%% 3 
+10° 9 -- -609 50 54 

+ 59 5 -- -659 51 57 

o" 3 6 -70° 46 во 

* 2 6 -75° Ὁ 13 
-10° 6 2 -80° 59 11 
-15° 16 2 -65° 66 67 
-20? 12 1 -909 60 86 


These values were recorded by the ball and disc integrator on the auto- 
matic recorder. The values of E® and EJ were proportional to the power 
received. 


TABLE 1 


61 








Frequency of operation = 9030 mcs. A =3.32 cm 
Power avoraging. Planimeter No. 455322, K&E was used to obtain area 


wder the curves of Figure 39. 


Plarimeter Value under Valuo under 
Reading EO curve Ep curve 
1. 299 4.75 
2. 6.24 4.70 
5. 6.11 4.71 

4. 2.91 
average 6.06 4.71 


Total value 10.77 square inches 


Length of base of area covered 10 inches 


Paverage = PEg+PEg = 1.077 inches 


Paverage = 21.54 (on same scale as intetrated values) 
Eg = 2.072 
Ев Was set to the same scale as the polar plots 


so that no further scale factors were needed, 


For experiments 2 and 3 


Е = 5.5 (selected point on lobe) 
Es z 2.07 

Directivity = 7.04 = P/P av 

Effective Area - 6٨1) ۷ 5 


For experiments l and 4 
E - 6 


Es жа | 072 





Directivity 6.4 


ii 


Effective Area 7.36 
БӘ апа ЕЙ аге properly labeled as shown on Figures 35 and 57 for the 
receiving conditions. Due to the method of taking the polar patterns 
there was a 90 degree change in orientation. A vertical polarized wave 
at the transmitter appeared as a horizontal polarized wave at the model 
aircraft. 

(3) Computations for the horn antenna, 

The horn antenna used was a result of compranise 

between the available waveruide components, the available power source, 


and the desired optimwa horn. The data below is for a frequency of 9020 


mos. Figure 41 shows the relationship of the horn parameters, wnich are: 


a = 13.46 cm Re/A = 13.32 om 
b = 14.73 om Rm A = 160.666 cm 
aA = 4.437 om {Ban = 12.676 om 
bA = 4.055 om V RmX/a = ¿66055 om 
Rm  = 48.4 cm a/fARm = 1.16? cm 
Re = 44,2 om (2 Re^  = 17.131 cm 
RnA = 14.75 سه‎ 0/1286 = 757 ош 


By using Schelkunoff's (19) curves the gain and the effective aperture 
were found to bei: 
à- - m NS د‎ 4 
(6-49 37 sb) 70 (43:9) (2722) =/60 
Е < a NY _ 4 
ge q 7 372 Az iT = 140.5 cm 
Due to the fact that these curves were printed in a text and difficult 


to read with any degree of accuracy the effective aperture was calculat- 
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ed from the following equations. They were broken apart to agree with 
the values round separately from the printed curves, Schelkunoff defin- 
ed parts of the equations as related to Fresnel Integrals. The publi- 
oation used for the following calculations was "Tables of Functions", 
Jahnke and Emde, (11). Because the definition of the Fresnel integral 
was different than that given by Schelkunoff the "Error Integral” on 
page 34 was used instead of the "Fresnel Integral” tabulation on page 


72. 


Equations: 
gn = 406 { [Ci Cin] + [Sw Sw} 
ه۹‎ 2 ЗС) + S'(«)] W= TE ` 1057 
us ph (Abe + Fg, | ۹ v= pl Afr ie) - an 
C(u) = «5138 S(u) = .7057 
σ(τ) = -.2128 S(v) =  -.0055 
Qu = πο S(w) Š «2702 
C(u)-c(u) = .7266 Elu)c(r]? = .5279 
S(u)-S(v) = .7142 E(u)-s(v} = vn 
C2 (w) = .5095 C^(w)S^(w) = .5666 
S? (w) = .0571 


ο πο = 42.18 


qe 2= (620442) | 5660) = 3792 
а (3.14) (13.46) 


4 = (η β)ίε ἃ)- (42.79 3792) =/59 
Arm = N9/4w=139.7 em” 
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This value of fo, was used in preference to the value obtained from the 
Curves. 
(4) Measuroments of the tiodel antenna and tho campari- 


son antenna 1726 0:500 on the model range. 
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Dato : Lar 25 : Kar 26 ' Маг 26 : aril I 

۹ ٨1:96:08 et: - هيت‎ ου be mr f 

the tranamitter : Vertical : Horizontal ;  Horizobtal : Vertical 
Noise level = .0025 ¥ офу #2: .0025 у Ν 0055 v 
Mo | .CO36 v | „054 v | C54 v | in noise 
mø iE. : — imn nuisé in noise | ¿036 v 
we lost det, т " | —— | h3 7 
ΤΌ / I | ON | 2.160 v I | 1.00 7 in nsise 

TABIE 1 


The voltage values were proportional to the power in the bolometer de- 
tectcr. The voltage readings were those of the bolareter amplifer which 
was calibrated and linear. 

The third run had a slotted line inserted in the recbiv- 
ing circuit of the comparison antenna. The VER, when this measurement 
was taken, was 1.06 to l. This verified loose coupling between the trans- 
mitter and the receiver and good matching for the comparison antenna. 

Tre receiving equipment wes tuned in tho sare manner for all runs. The 


distance between transmitter and receiver was 45 feot for runs 1, 2 and 


3 and 40 feet for ru 4, 
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* * е ° 
* * * * 


Experiment No. : L : 2 : 3 : 3 

: : : : 
Date taken : Maroh 25 : march 26 : March 26 : April 1 
Polarization at : : : : 
transrittor : Vertical a Horizontal: Horizontal ; Vertical 


hoise level : eCO5 v : «005 v : 095 v ` 0035 v 
: 3 : : 
«0026 v : .054 т #4054 т : in noise 


ту : 955 Ψ + in noise : in noise : .036 v 


Neo : lost det. : s ч : " - : 1.30 ۷ 








in noise 


(calculated ) | 1594 7 cn - 139,7 ca 139.7 er? 139,7 ont 





3 
: 
3 
3 
ἃ 
2 
8 


- poe Е! 2 2 
Αοῃ (curves ) : 140.5 om . 140.5 cm : 140.5 cn 140.5 cm 
: I : 
Ea _: 2.075 t 2.075 : 2,073 2.073 
' : : 
Ë (max on lobe) : 6.0 t Sad " £35 : 6,0 
Directi vi ty : b.4 : 7.04 : 7.04 : ٥ 
: 2 : ۀ د‎ > ; 2 
Alo (wpertwre ) : 7.36 om : 6.16 om : 6.16 cm : 7.56 om 
Efficienoy with : insufficient: š ] 
Am calculated : data : 56.1% : 66.Ch* : 55.4% 
Efficiency : insufficiont: : : 
with curves : data . 56% : 66.4% : 55.8% 
LS a 22148 : 1132 к 









Es (corrected )*« 
uificiency wit n! : : : 


frar corrected : : : : 

calculations : - „д 53,6% : 65.0% : 53.0% 

Wisc. : slotted line with No. 3 with VSWR of 1.06:1 
TAPIE III 


*The slotted line probe took a considerable portion of the energy in the 
waveguide thereby lowering value Yh and increasing the efficienoy figure. 


**Correction for edge effects, W. C. Jakes (10). 
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CHAPTER V 
EVALUATIONS AVD RECOMNEND;.TIONS 
1. Evaluations, 

One of the objectives of this paper was to search the literature 
for the methods of firding the antenna efficiency by using scaled models. 
Then a specifio evaluation by a selected method was to be made. These 
objectives have been completed, 

Four methods of obtaining antenna efficiency have been outlined, 
however three are rejected for various reasons. Some of the reasons for 
rejection are: (1) the lack of control of the refleotions when the 1 
is used as a transmitter, (2) there are no existing absolute field in- 
tensity measuring instruments at microwave frequencies and (3) that an 
absorbent, non-reflectin- material is unavailable. The fourth method, 
the comparison method, appeared to have more ohance of suocessful com- 
pletion. The outstanding advantages of the comparison method are: (1) 
absolute power measurements are unnecessary and (2) the model may funot- 
ion as a receiver thereby permitting use of the model range. (The model 
range oan be used for receiving and transmitting, however reflections aro 
controlled more easily when the model is used as a receiver). There is 
the possibility that the integration process used to obtain the average 
power radiated (reduction to an istropic souroe) may contain informa- 
tion for other solutions. If these solutions existed the necessity for 
acourate matching would be eliminated and the model range technique 


improved. This thought was considered, but nothing profitable was for- 
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seen and therefore abandoned as a method of solution. 


The validity of the presented method depends upon five oqua- 


tions, تا‎ = AD A = ns D = Ant Aen 
Ας = © Аст М = BAe 


and the assumption that the comparison antenna (an electromagnetic horn) 
has an officienoy of 100 per cent. From these equations an expression 
is derived for the efficienoy in terms of quantities that can be measur- 


ed on the model range or computed from known data, ۴ s . This has 
AG 


circumvented the necessity for en absolute measurement of either power 
or field intensity at the operatin- frequenoy. The latter equation ex- 
presses the efficiency of the model antenna when there are no losses 
in the available power due to matching conditions of either receiving 
cirouit. 

The model range requirements were observed as olosoly as possi- 
ble. However thero were two departures that were unavoidable. The gain 
of the comparison antenna was more than 10 db greater than the gain of 
the model antenna. There was the possibility of unwanted reflections 
since it was necessary that someone be in the illuminating field to tune 
the receiving antennas. There were no noticeable effects when the com- 
parison horn measurements were taken, but there were sli;ht flucuations 
of the bolometer amplifier voltage when the medel antenna was being tuned. 
For all measurements a position was found, in line with the range tower, 


whore small movements causod no variation of the bolometer amplifier 
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voltage. This position was considered the point of minimum reflection. 
The question of accuraoy is not too easily answered. The 
efficiency of the comparison horn is very likely to be less than 100 
pər oent due to ohmic losses. The factors that can cause changes in 
the observed power indications are: a mismatch not permitting all the 
received power to reach the bolometer detector, ohmic losses between 
the antenna and the detector, and transmission losses due to standing 
waves. The physical dimensions were kept as short as possible. The 
PRD tuner was located close to the "input terminals" of tho model an- 
tenna., Tranemission losses were considered negligible. In ru 2 8 
VSWR of 1.06 was measured. This value of the VSW is a good indioation 
that the oomparison antenna was matched. However the degree of matohing 
for the model is doubtful, but there is no reason to believe that it was 
any more unfavorable than that of the preliminary experiments where the 
VSWR was in the neighborhood of 1.2 to 1.5. It will be concluded that 
the model antenna was matched when the bolometer amplifier voltage was 
a maximum, (It may be mentioned that if this assumption is in error the 
efficienoy, as given by the derived expression, will vary greatly). 
There is an additional correotion for the comparison antenna 
for edge effects in accordance with the experimental data of W. C. Jakes 
(10). The antenna used was not an optimum horn, however very oloso, 
therefore a maximum of .2 db will be taken from the computed gain. This 
reduces the computed gain to 152, the computed aperture to 133.2, and the 


efficiencies to 55.6 per cent for measurement 2, to 65.0 per oent for 
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measurement 3, and to 953.0 per cent for measurement 4, 
Based on the data taken, the efficienc; varied between 53 per 


cent ana 56 per cent. In the expression = Aom, W] appears to bo the 
۳ Kim 


quantity most open to question. Wo appears more reliable due to the low 
VSR of run 3 and the data of the preliminary experiments. Aog has been 
taken from curves, checked by computations, and then corrected for edge 
effects. Am is independent of ohmio and mismatch losses. The efficiency 
of the comparison horn, if less than the assumed value of 100 per cent, 
will lower the value of the antenna effioienoy of the model. Conceding 
that there may have been mismatch and ohmic losses between the model an- 
tenna and the deteotor, the value of W] can only increase when any correct- 
jon is made. Therefae, assuming the horn e"ficiency equal to 100 per 
cent, the low value of N has been obtained. Any matching refinements 
or any oaloulation of transmission losses will increase the efficiency. 
Negligible transmission losses and a high horn efficioncy seem to be 
reasonable assumptions. Therefore the value of 54 per oent for the an- 
tenra efficiency of the model appears very reliable. However there is 
the need of another method to check these values experimentally. 

2. Recommendations. 

The physical arrangement for receiving with the comparison an- 
tenna is considered satisfactory. The arrangement with the model antenna 
is somewhat doubtful, in that better knowledge of the degree of matching 
should be available. If further tests were to be made it is recommended 


that a highly efficient matching network be devised, at lease some 
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arraniement where more information would be available when the measure- 
ments were made. The model used was of one polarization and it is not 
known, fram the data taken, if there were any radiation in the other 
plane of polarization below the noise level of the bolometer amplifier. 
Since the bolometer amplifier had a sensitivity of .l miorovolt there is 
little that oan be gained in the receiving section, however the r. f. 
power radiated by the transmitter could be increased. In addition to 
raisin; the power level of the measurements above the noise level, an in- 
crease in r.f. power would permit a greater distance betweon the trans- 
mitting and receiving antennas, and pérmit maintaining the effective 
power density of the incident wave constant by using the feedback network 
in the bolometer amplifier. This provision is inoluded in the bolameter 
amplifier when the transmitting power is of sufficient strength. (The 
only source of power at this frequency capable of square-wave modulation 
was the 2 watt Varian X-12 klystron. A 5 watt klystron was available, 
but it could not be modulated). 

In the event that this method should be investigated further 
and found satisfactory for use, it is recommended that these measure- 
ments be made at the same time that the radiation patterns are recorded. 
Some other check on the efficiency figures obtained should be made. Me 
method could be a direct absolute measurement and another method could be 


an investigation of the performance records of flight tests. 
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APPENDIX A 


ТЕЕ MODEL RANGE 


The theory of the model range is contained in articles by various 
authors.* It has been established by a serios of comprehensive tests 
conducted over a two to three ,ear span by the Naval Test Center at 
Patuxont River, Maryland that there is good correlation of model and flight 
measurements.** 

Qne path propagation is simulated without grownd reflections or sky 
return. Due to the ease of construction and data taking, the information 
is obtained fram the model when it is in a receiving condition. The model, 
mounted in a moveable tower is illuminated by a fixed transmitter, see 
Figure 40. A set of conical receiving patterns is obtained over the oom- 
plete sphere. The ooordinate system, illustration of conical patterns, 
and the physical arrangement are shown in Figures 36, 37, 36 and 40. The 
model may be mounted as desired, at the nose or tail of tho fuselage, or 
at the top center position as shown, Frequently the nose position is used 
for coverage of one half of the sphere and the tail position for coverage 
of the other half. This prevents the tower from being between the trans- 
mitter and the receiver. (The experiments conducted did not include this 
refinement.) As shown in Figure 36, for a given polarization of the 
*The theory of the model range and many of the techniques are given by 
J. D. Kraus (15), S. Silver (21), C. C. Cutler (2), R. S. Wehner (24), 

P.e S. Carter (1) and G Sinclair (22). 


**Project TED No PTR EL 577 ET31 5-047 16 June 1952 ELECTRONICS TEST 
DIV USNATC PAK RIV MD. 
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incident wave at the model, the latitude 6 is varied in increments of 5 
or 10 degrees. The longitude f is varied from 0 to 360 degrees for each 
latitude increment. The number of variations in latitude depends upon 
the degree of accuraoy desired and the characteristics of the radiation 
patterns. Two sets of conical patterns are obtained, one for Eg and one 
for Eg polarizations. 

In the antenna laboratory at the Douglas Aircraft Company, Ino. the 
illuminating field was square-wave modulated. The detector was usually 
mounted as close to the model antenna as space would permit. Both tuned 
and untuned detectors were used. For the radiation patterns the matching 
conditions were not important providing sufficient signal was available 
and the system was loosely coupled. The detector signal was sent to a 
bolometer emplifier, a torque amplifier, a ball and diso intogrator, and 
an automatic pattern recorder. The integrator received signal proport- 
lonal to the received power, and the recorder received signal proportion- 
al either to power or voltage. an integrated sum proportional to the 
received power was recorded along with each voltage pattern for each 
variation of latitude 0. Similar data was taken for the other polariza- 
tion. The integrated sums were then plotted against the variable cosine 
0, see Figure 39. The average area of this plot was obtained with a plan- 
imeter. The average power was the sum of the average power arcas of the 
Eg and ES polarizations. With the proper scale choice the average area 
was equated to the average power from which the spatial r.m.s. voltage 


of an equivalent istropic source was computed. This voltage was 
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proportional to the square root of the average power. Since this value 
contained only root mean square values and was derived fram the average 
power after the integration process, it was used with the ner e a 
voltages of the recorded ratterns to obtain the directivity.D* اس سا‎ 
The relationship between this spatial r.m.3. voltage and the average 
A ورخ‎ . 

The bolometer emplifier had four ranges of amplification, each range 
constant and calibrated. ‘The maximum amplification was 60 db and the sens- 
itivity was 0.1 microvolt. The scale relation between the integrator and 
the recorder was Y = 5, where X was the recorder scale in voltage and Y 
was the sum of the integrated values on a counter. If the recorder traced 
a pattern of a constant circle of 10 units through 360 degrees, the inte- 
grator counter wuld read 500. Only the direotivity and the relative 
radiation patterns were obtained from the model range. The sverage power, 
considered as an isotropic source, was plotted as a circle on the radia- 
tion patterns. The field strength at one mile from an isotropic radiator 
radiating one watt of power is 3.4033 millivolt per meter.* With the out- 
put powers of the isotropic source and the model equal & soale existed for 
predicting the field strength at any point in the radiation pattern. 

Figure 40 shows the components of the measurement experiments and 
their relative relationship. The receiving horn is shown in Photograph 
A. The audio lead to the bolometer aunlifier is disconnected. ihe dis- 
tance from the throat of the receiving horn to the center of the probe 


* P, S. Carter (1). 
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transition, Figure 13 was 12.655 inches. The distance from probe transit- 
ion to the variable short was between 4.875 and 6.653 cm, depending upon 
the short position. The model antenna was a 1/20th scale APN-1 radio 
altimeter antenna with a full scale frequency of 420 to 460 mcs. and a 
model frequency of 6400 to 9200 mes. the location of the model antenna 
was on the underneath side and forward in the starboard engine nacelle 

as shown in Fhotograph B. Photograph C shows the PRD tuner in the air- 
craft model. The cable seen at left center oonnects to the antenna and 
to the tuner. Due to practical cms:derations this length oould not be 
shortened., The PRD tuner and bolometer mount, (model 612-A), inoluded 
in Photographs A and C, was made by the Polytechnic Research and Develop- 
ment Company, Inc. One tuner, serial number 200, was used for all meas- 
urenents. The other tuner was used in the monitor circuit wnich insured 
that the incident power intensity was constant for the experiments. RG 
96/U cable was used for part of the model antenne, and for the audio 
cirouit from the bolometer resistance to the amplifier. The bolameter 
amplifier was made by Pickard and Burns. The torque amplifier and the 
automatic recorder, including the ball and diso integrator, were made by 


the Antenna Researoh Laboratory of Ohio State University. 
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APPENDIX B 


WAVESUIDE TO COAXIAL LINE TRANSITION 


It was necessary to transfer the incoming energy to the bolometer 
detector with as few losses as possible. The PRD detector and tuner had 
a coaxial fitting and it was necessary to transform the energy fram a 
rectangular waveguide to a coaxial line. Waveguide to coaxial line coup- 
ling can be made by proper choice of variables providing the impedance of 
the coaxial line is equal to or less than twice the characteristic im- 
pedance of the waveguide. There are several wavoguide couplers that could 


have been used.* 


Coaxial line 





Figure 42. 
Waveguide to Coaxial Line Coupler 

Figure 42 shows the type of coupler used, a single probe projecting into 
the waveguide, and a variable short. The varíables are the probe length 
“p" and the distance to the waveguide short "1", Figure 13 shows the 
*Wavezuide to coaxial coupling is covered in detail in other publications 
as Slater (23) pp. 296-300, Ragan (15) Ch. 6, LIT, Principles of Radar 
(17) Ch. 10 Art. 13, and Mumford (14) article in IRE. 
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detail structure of the coaxial transition. Fhotograph A shows the actual 
receivinz arrangement, not including the bolameter amplifier. 

For matching, "p" and "1" should be variable. One experiment showed 
that the variable short had the required change in electrical length for 
correct matching. The other experiment selected the optimum probe tip 
length which remained fixed throughout the remainder of its use. The 
distance of the ariable short fram the probe had an optimum value of 
about .22 Ag at an operating frequency of about 9000 mcs. Practical con- 


siderations made it necessary to use greater values of "1". 
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Figure 43. 
Reactance vs. Electrical Length of Waveguide Short 
A = Optimum Position of Waveguide Short. 
It can be seen from Figure 43 that various positions of the variable 


short ( L= Lopt Z ais ) will repeat the match value for the optimum 


sN. W. Munford (14). 
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position. Figure 14 shows the results of one of these measurements, Tho 
true location of the electrioal length of the waveguide and the optimum 
positions are diffioult to show. ihe true shorting position within the 
waveguide of the waveguide short was not know accurately, therefore 
exact location of the scale was not possible. With a correction for the 
position of the scale it can be seen that good matching oocurred where 
the length was between 3/2 № and 7/4 Ag y near Û = Lop? + As سم‎ 
probe tip of the center conductor, for the curves of Figure 14, was not 
the optimum diameter. A set of probe tips was made of the same size as 
the inner conductor. Their lengthe varied fram 16/64 inches to 22/64 
inches. The VSWR and the relative power in the bolometer amplifier were 
observed for each probe tip. The probe tip length of 19/64 inches was 
selected as an optimum length. When used in the § x 1 inch (о„&„) wave- 
guide the tip projected into the guide about 73% of the guide depthes 
This probe tip length, variable short, and PHD tuner, as shown in Photo- 
graph A, were used to transfer the received onergy from the waveguide 

to the detecta. The eauipment used in these experiments was arranged 


as shown in the following block diasrem. 





Figure 44. 


Diagram of Transition Experiments 


*The probe tip length agreed with that given by the following authors. 
These experiments showed about 73/0 projection into the waveguide. Ragan 
(15) and Mumford (14) show the same percentage. MIT (17) gives ۸4/6, 
which in this case is about 60% projection into the guide. 
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informational data3 

Veriable short length, O to 3.576 cme 

Probe tip to minimum short length, 4.675 cm. 

Wave length in waveguide, 4.65 ome; in air, 3.326 cm. 
Frequency, 90?0 mcs. 

Optimum length, 1.067 om. 


Probe tip data: 
: : : : : 
Order t£ i : 2 ΠΝ : 4 : 9 





Si ze ι د‎ Mes 16. 3-29 м До 

а ‘ è : 1 5 
VSWR ; 1.23 : 1.24 : 1.22 : lel: 1.17 ς 1.24 : 1,51 

i 

i 


i š : : : i 


6.4 1: 6.4 : 604 : 6.4 : 6.5 +: 6.5 : 6.6 





Rel. Power 


(Sizo 19 means 19/64 inches diamoter. ) 


e * * 
* е e 


? : 
turns of short ; 0 : 10 “20 v o0 t per turn 


t 3 
longth in om. 1 4.92 š 5973 t 2. 026 $ 6.079 : «1053 


01 


«Ὁ 
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APPENDIX C 
PRELIMINARY EXPERIMENTS 

Ihe „reliminary experiments were made to obtain data on the match- 
ing and power transfer of available components in the antenna laboratory. 
Some parts were made to supplement existing equipment. he experiments 
were divided between those pertaining to coaxial lines and those confined 
to waveguides. 

1. Coaxial line experiments: 

The coaxial line experiments were made to find the PRD tuner 

characteristics and the matching conditions when the model antenna was 


used. 


a. PRD Characteristics. 





FIGURE 45. 
Diagram of PD Characteristics Experiment 
The PRD tuner was connected directly to the slotted line. The pur- 


pose of these experiments was to see how the VSW! in the slotted line 


and the relative power received in the bolometer amplifier would change 
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for small changes in the length of the tuning stubs. This was the detect- 
ion system for the model anu comparison antennas. The length of the series 
and shunt stubs were moved until the bolometer amplifier reading was a 
maximum. The readings of the VSWR and relative power were recorded with 
the shunt stub length being varied and the series stub length being fixed. 
The following data was taken. 


P2D Characteristics, Coaxial 


Shunt length Y 5000 mes.(1) f 5000 (2) fT 640 mcs. f E200 mes. 


in turns VSWR Rel.Power VSWR Rel.Power VSWR Rel.Power VSWR Mel .Power 
0 μα. 2 10.0 2.6 1.5 3 

4/16 7. 52 3.6 10.0 2.6 1.38 92 42 56 

9/16 | 1.3 10.00 
6/16 2.2 1.6 A47 ' 546 

0/16 547 4.0 8.5 4.0 490 4.0 4.0 1.35 
IE ann 22 Usd 

10/16 1.5 6.8 9.5 。7 








1 2.7 6.0 wh «bub 248 49 high low 

lg less than 3.6 10.0 е > 

14 9.8 9.6 10.0 6.5 Pub «ὦ oe 4 

14 heo . ὦ 1060 2 е, ۹ 
TABLE IV 


The data for the frequency of 5000 mcs. is shown plotted in Figure 


15 These curves show that there was a maximum power indication and a 
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lowering of the VSWR at the same ¡hysical position of the shorted stub, 
The data for (£40 mcs. and 200 mcs, is plotted in Figures 16 and 17, 
There was fair evidence that the power transfer and the low VSWR were 
occurring at the same time, and that the matching desired was being 
accomplished. 


b. Impedance measuresents, coaxial, 





Figure 46. 


Diagram for Impedanoe Measurements 

An attempt was made to determine the impedanoe at the model antenna 
terminals. The reason for the measurements was: what was the impedance 
value presented to the antenna terminals when the maximum power indicat- 
ion was observed in the bolometer amplifier? The model antenna was part- 
ly constructed of RG 58/U cable. Small sections of the cable were cut 
to the same length as the cable feeding the anteura. This permitted sub- 
stituting a short and an open circuit for the antenna without removing 


it from the model. The impedance was measured at the antenna terminals 
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looking into the antenna and then into the detectinz network. There were 
many détrimental factors in these measuraments such as different velocities 
of propagation, large reflections, different current distributions, and 
non-conformity with model range practices. The data taken, although of 


doubtful value, was: 


Impedance — Coaxial 
Kin Win "T Z Looking 


No St Short Load Diff و۸‎ M id Ў Recomputed VSWR Toward 
1.23 7.41 .18 3.4 .053 G .33-3.31 16.5315.9 1602 5415.75 3.4 Antenna 
6.14 6.01 32.54 


ol 5 3.4 .0362 L 


10.34 10.05 .29 3.4 .0852 0 .46-j.5 23.0-j25.0 23.0-j235.0 2.6 Antenna 


6.0 30.54} 1.5 1.6 betector 





11.03 9.37 1.66 2.4 .4601G .0€0-3.035 40.144 1.5 40.04} 1.5 1.26 Detector 





10.27 12.22 1.95 3.4 .574 L 1.25-j.77 61.5-336.5 2t.04$ j10.5 2.12 Antenna 
11.07 9.65 1.37 2.4 .4022 G  .65-3J1.0 42,5-350.0 25.04429.5 2.04 Detector 
TABLE V 
o. Model antenna and slotted line on the range tower. 
The model aircraft, inoluding the model antenna (see 

Photograph B), was mounted on the model range. A slotted line was in- 
serted between the model antenna and the detector. The purpose of this 
particular experiment was to observe the VSWR between the antenna and the 
detector, and the effect of the slotted line, when the model was being 
illuminated on the model range. A range separation equal to or greater 
then the model range requirements was desired. Sufficient signal for 
tuning the detector was received when the range separation between the 


transmitter and the receiver was over 50 feet. However, for sufficient 
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ref. power to permit a determination of the VEWR with the slotted line, 
the range seperation had to be decreased to 20 feet. The value of the 
VSWR at this distance was about 3.5 to 1. According to the model range 
requirements this distance was too small, so this type of mounting was 
unsatisfactory. Ап increase of r.f. power would have allowed an increase 
in the range separation. However a klystron, capable of being square- 
wave modulated and with a greater power output, was not available at the 
time of the experiment. Therefore tho dotection system, the PRD tuner, 
was embedded within the aircraft model (see Photograph C), This per- 
mitted oampliance with model range requirements and improved the matching 
conditions. 
2. Waveguide experiments. 

Experiments of the same nature as those made for the coaxial line 

were made with the waveguide components. 
a. Tuning characteristics. 

Figure 45 and Photograph A, loss the electromagnetic 
horn, show the connection of the waveguido components. Five sets of data 
were taken, each for a different probe tip diameter. The sot given below 
is for a diameter of 13/64 inches. The actual probe tip usod in the ef- 
fioiency measurements was 16/64 inches in diameter, however no data was 
taken for this size. Figure 14 shows these values plotted. This exper- 


iment is discussed elsewhere in this paper and will not be repeated. 
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PRD Characteristics, Waveguide 


Frequency 9020 mcs. 
Waveguide Short Waveguide Shore Tmn 
length, in turns VSWR Rel. Power length, in turns VSWR Rel. Power 

0 1.4 19.0 164 1.32 19 .2 

1 1.46 18.9 19 1.5 19.4 
2 1,46 16.9 20 1.4 19.6 

3 495 18.9 21 1.4 19.8 

4 1. 93 18.9 22 1.44 20.0 
5 1.50 18.8 23 led? рео 
6 1. 52 16.8 24 jag 23050 

7 1. 50 7 25 1.38 20.0 
8 1.4 16.6 26 مد‎ 9 19 99 
9 1.24 18.5 27 1.26 19.8 
10 1.36 18.3 28 1.26 8 
11 1.23 17.8 29 1.25 8 
12 1.30 16.8 30 1.26 1967 
13 2.1 14.8 304 1.34 19.6 
14 5.8 11.4 31 1.13 19.6 
15 8.5 5.6 314 1.26 19.6 
15 2.6 12.1 22 1.2 19.5 
16 22 14.6 33 1.26 19.3 
163 1929 16.6 24 520. 189 
17 1.17 17.7 Near 31 ы مي‎ 
17% 1.12 16.2 Near 31 1.13 19.644 
18 1.28 18.8 

TABLE VI 


*When tuned for Minimum VSWR 


**When tuned for Maximum Power 
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b. Impedance measuremonts, waveguide. 

A set of tests were made with the comparison circuit 
similar to those made with the model antenna. The slotted line was vari- 
ed in position. Sometimes it was in the receiving circuit and other times 
it was in the transmitting circuit. Values for the impedance were found 
at & point near the throat of the horn. Z4 is the horn impedance and Zd 


is the detector impedance. 


| Impedance Measurements, Waveguide _ 
Min Ein Diff 


No Short Load Diff Ag En ü Looking 









10.26 9.72 .54 5.18 G .1061 1.32  .943.25 494312.5 Za 
_ 10.26 10.48 .22 5.18 L «0422 19064 .95-j025 47.5-j1025 Ζῃ Ἢ 
10.29 29.5 .79 95.160 G .1925 1.48 1.0643.38 5343519 Za 


2 
10.29 10.47 .18 5.10 L .0375 1.055 27-025 — 47.25-91.25 Zh 


9.15 6.66 .47 4.6 G .10 1.14 695545012 4767545600 Zh 


3 
9.13 6.65 248 466 G .102 1.26 92452 464310 Za 
9.14 0.61 .33 4.6 G .0R 1.145 .91543j0.09 45.75%ј4.5 Zh 
4 


9,14 9.09 .05 4.6 б .01085 1.22 69% 3.005 44.5451.25 24 
9.17 6:79 .34 4.7 © «060 1:15 ¿943.09 4543405 Zn 





8.63 .50 4. G «1062 2.4 66+ 5.55 53432 7045. #2 
' 9.12 8.68 .44 4.6 G .0956 1.16 .9443.12 474 36 Zn 
9.12 9.96 .64 4.6 L .1026 1.55 1.25-j.41 62.5- 320.5 Ζα 6 
TABLE VII 


Measurements 1 and 2 were made at frequency of 6820 mes. and 3 through 


6 were at 9255 mcs. 
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The sixth experiment was taken with extreme carc. Simultaneous readings 
of the VSWR were taken in the transmitter and the receiver cirouits. 

The VSW for the transmitter was 1.01 to 1 and that for the receiver was 
1.05 to 1. This showed that the system of transmitter and receiver, al- 
though the Fresnel zone conditions prevailed, was matched. Actual model 


range conditions should improve the matching conditions. 
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